Equations that can be used for partition coefficients of both neutral molecules and ions have been revised, and the term that is specific to ions has been re-evaluated. A new method has been devised for the determination of partition coefficients from water to organic solvents for carboxylate anions that is based on the variation of pK a for carboxylic acids with solvent. Using these partition coefficients, descriptors for carboxylate anions, on the same scale as descriptors for neutral molecules, have been obtained for 71 such anions. For 13 carboxylate anions in a test set, descriptors could be predicted that in turn led to predictions of 78 log P values over six water-solvent systems with an absolute error of 0.13 and a standard deviation of only 0.55 log units. Descriptors have been obtained for 26 protonated amines as a training set and descriptors predicted for 17 protonated amines as a test set. The predicted descriptors in turn led to the prediction of 18 log P values for protonated amines with an absolute error of 0.09 and a standard deviation of 0.39 log units. The carboxylate anions are the strongest monofunctional hydrogen bond bases, and the protonated amines are the strongest monofunctional hydrogen bond acids that we have studied.
Introduction
The partition of ionic species from water to organic phases is of ongoing interest. There are numerous systems that are models for biological processes, as well as biological processes themselves, in which ionic species and neutral molecules are transferred from water to organic phases such as membranes. M€ alki€ a et al 1 have reviewed the permeation of drugs through biomembranes, including the relationship of partition coefficients for the neutral species and the ionized species in the case of ionizable solutes. However, the Gibbs energy of transfer of the ionic species was discussed 1 in terms of variants of the Born equation [2] [3] [4] [5] or of a purely empirical function of the surface electric field strength, 6,7 neither of which can easily be related to properties of the neutral species. Kedem and Katchalsky 8 deal also with permeation of ions and neutral molecules through membranes, this time in terms of transference numbers and frictional coefficients. How these are to be evaluated for drug molecules is not clear. In a very detailed analysis of partitioning across lipid bilayers, Mitragotri et al. 9 evaluated the work required to create a cavity in the lipid bilayer and the work required to create a diffusion path for the solute, using scaled particle theory, but restricted their analysis to nonelectrolytes.
(1) M€ alki€ a, A.; Murtom€ aki, L.; Urtti, A.; Kontturi, K. Eur. J. Pharm. Sci. 2004, 23, 13-47. ( 
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More recently, permeation through artificial membranes has been put forward for the prediction of biological processes, such as human intestinal absorption. Wohnsland and Faller, 10 in a novel study, showed that permeation from water through a hexadecane layer could be used to mimic intestinal absorption. They observed a peculiar dependence of permeability on the pH of the aqueous phase for ionizable drugs that they attributed to the presence of an unstirred water layer at the water/hexadecane interface.
Avdeef et al. 11 used a more complicated experimental method that involved experiments not only at different pH but also at different stirring rates. They were then able to dissect the overall observed permeability into contributions from the neutral (un-ionized) molecule and the ionized form. Thus, for the typical strong base atenolol, pK a =9.54, they found permeability coefficients in units of 10 -6 cm s -1 of 32 for the neutral form and 1.1 for the ionized form for permeation through Caco cells and 191 for permeation of the ionized form through the unstirred water layer.
It would be of considerable interest if properties of neutral and ionized forms of acids and bases could be compared in some way. The variants of the Born equation are of little value, as they apply only to the ionized form, and solute descriptors calculated by the popular software methods CODESSA 12 and DRAGON 13 apply only to the neutral form. However, the COSMO-RS method has been used to calculate standard Gibbs energies of transfer from water to nitrobenzene and 4-(3-phenylpropyl)pyridine.
14 It is the aim of the present work to set out equations for transfer from water to organic phases that include both neutral species and ionic species. Of course, this requires that neutral species and ionic species are defined by the same types of descriptors. We have shown that neutral solutes can be described by five descriptors 15, 16 and that equations containing only these five descriptors can be used to fit and to predict solute properties in a wide range of systems. These include partitions from water to some 40 solvents, 17 to ionic liquids, 18 and to aqueous biphase systems, 19 as well as biological processes. 20 The general equation that we used is eq 1, where SP is a solute property in a given system. In the present work, SP will be a water to solvent partition coefficient, as log P.
The solute descriptors are as follows. 15, 16 E is an excess molar refraction in cm 3 mol -1 /10. S is a combined dipolarity/ polarizability descriptor. A is the overall solute hydrogen bond acidity, and B is the overall solute hydrogen bond basicity. V is McGowan's characteristic molecular volume in cm 3 mol -1 /100. The set of coefficients c, e, s, a, b, and v characterize the system and are determined by multiple linear regression analysis.
We used partition coefficients for ions from water to various solvents to assign the above descriptors to a number of ions 21 and showed that eq 1 could incorporate ions as well as neutral molecules if cations were assigned an additional descriptor J þ and anions an additional descriptor J -to yield eq 2.
Subsequently, we showed that eq 2 could be applied to partition of ions and neutral molecules from water to o-nitrophenyl octyl ether (NPOE). 22 Partition coefficients, P npoe , for a wide range of nonelectrolytes had been determined by Carrupt et al., 23 and a regression of log Pnpoe against the solute descriptors yielded eq 3 for the neutral solutes.
22
log P npoe ¼ 0:121 þ 0:600E -0:459S -2:246A -3:879B
In eq 3 and elsewhere, N is the number of data points or compounds, R is the correlation coefficient, SD is the regression standard deviation, and F is the F-statistic. When values for 15 ions were included, eq 4 was obtained, with an SD value for the added 15 ions of 0.72 log units. This was the first time that a partition equation had been constructed that included data for both neutral species and ions.
log P npoe ¼ 0:121 þ 0:600E -0:459S -2:246A -3:879B þ 3:574V -2:
Since then, we have obtained equations for the partition of neutral species from water to ketones 24 and amide, 25 and have updated equations for partition of neutral species to chloroalkanes 26 and to alcohols, 27 and we aim to use these new equations to develop equations of the form of eq 2 that include ionic species as well as neutral species.
Results and Discussion
The coefficients in the equations we use are collected in Table 1 , 17, [24] [25] [26] [27] all obtained from data on neutral solutes. As described previously, we use partition coefficients for ions based on the assumption that log P values for Ph 4 as -3 for all solvents and j -as 0 for aprotic solvents and as 3 for the alcohol solvents. Now that we have more data, we have no need to fix j þ and j -, and so we allowed these coefficients to float. Since we fix the coefficients e, s, a, b, and v to those for the solvent equations for the neutral solutes, the coefficients j þ and j -, are the only extra coefficients in the equations that are used to deal with the various cations and anions. Details of the new descriptors for the ions in Table S1 (Supporting Information) are given in Table 2 , together with the number of solvent systems used and the standard deviation in the experimental and fitted log P values for the ions The two extra solvent coefficients are given in Table 3 , together with the number of ions used to obtain the coefficients and the standard deviation in the experimental and fitted log P values for the ions. In order to make calculations for organic ions more simple, we took E i for the tetraalkylammonium ions as -0.10, quite close to the corresponding amines, and calculated V i by the usual McGowan procedure, using the molecular formula for the ions. We denote descriptors for ions by the subscript "i" but note that descriptors for ions and neutral molecules are on the same scale.
The two ionic descriptors in Table 3 are quite close to those we obtained before, but now we have an estimate of how good the fit is between experimental and calculated log P values. With just one additional descriptor for anions and one for cations, the log P values can be fitted to about 0.25 log unit. It is not easy to assess the experimental error in the log P values, but for transfer to methanol, five determinations of K þ differ by 0.80 log units 29 and three determinations of F -differ by 0.70 log units.
30
Occasionally, there are much larger discrepancies; log P for transfer of F -to acetonitrile is given as 12.44 28 and 7.88 30 log units. Of course, we have had to make some selection as regards the experimental values that we used, but an average SD value of about 0.25 log units seems very reasonable.
About the same standard deviation is observed in fits with respect to the equations, Table 3 . However, we encountered difficulties with a number of aprotic solvents and were unable to fit the log P values for cations satisfactorily. In the case of nitrobenzene, [28] [29] [30] we were unable to fit the cations, and the fit for the anions (see Table 3 ) is so poor as to be of little value. This is very unfortunate because nitrobenzene has been one of the most studied solvents as regards partition of ions. Similarly, we were unable to obtain any fits to data in solvent dichloromethane. 31 We have no explanation of why transfers of cations to 1,2-dichloroethane, NPOE, propanone, acetonitrile, N-methylpyrrolidinone, and DMSO can be fitted satisfactorily but transfers to nitromethane, nitrobenzene, dimethylformamide, and dimethylacetamide cannot. 
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Monocarboxylate anions. There have been a few studies in which Gibbs energies of transfer of carboxylate anions from water to an organic phase, equivalent to log P values, have been determined through the use of various redox systems. These include the work of MacDonald et al.
14 on the 4-(3-phenylpropyl)pyridine solvent phase, of Komorsky-Lovri c et al. 32 on solvent nitrobenzene, and of Bouchard et al. on solvents 1,2-dichloroethane 33 and octan-1-ol. 34 As well as the electrochemical redox method, the most usual method of obtaining log P values is through measurements of solubility, corrected for ion-pair association and activity coefficients. They can also be obtained through a thermodynamic cycle, although to our knowledge this has never previously been used. Consider eqs 5 and 6 for ionization in water and in some other phase.
HAðaqÞ
Then for transfer from water to the other phase, log P(A -) is given by eq 7 log PðA -Þ ¼ log PðHAÞ -log PðH þ Þ þ pK a ðaqÞ -pK a ðsÞ ð7Þ where P(HA) is the corresponding partition coefficient for the neutral carboxylic acid. This can, in principle, be obtained through solubility measurements of the neutral carboxylic acid in water and the other phase, but for phases that are organic solvents it can easily be estimated through the equations given in Table 1 Table 4 . Of course, in order to be compatible with log P values for the ions in Table S1 (Supporting Information), log P(H þ ) must also be on the Ph 4 As þ , Ph 4 P þ =Ph 4 B -scale. As an example, we show a calculation for the acetate ion in Table 5 , using the pK a data given by Jover et al. 35 We can fit the obtained log P values for the acetate ion quite well, as shown in Table 5 , where the standard deviation between fitted and observed values, SD = 0.40 log units for 8 data points. However, the fit for log P values determined by the solubility method was so poor as to be of little value, SD=2.20 log units for 9 data points. We therefore use the pK a method to obtain log P values for the ionized forms of a number of carboxylic acids.
For solvents where pK a values for the carboxylic acids are available, but not log P(H þ ), it is possible to obtain the corresponding log P(RCO 2 -) values if log P(H þ ) can be evaluated by a trial-and-error method. For the (dry) solvents propan-2-ol, tert-butyl alcohol, nitromethane, and N-methylpyrrolidinone (NMP) there was enough data to obtain values of log P(H þ ) as shown in Table 4 . Our value for propan-1-ol, 1.15, seems quite out of line by comparison to values for methanol and ethanol and is far away from the literature value 40 of -1.52 log units. However, our value is the average of values obtained for 12 carboxylic acids, with a standard deviation of no more than 0.13 log units.
Calculations for Carboxylate Monoanions. We used the log P(H þ ) values in the last column of Table 4 and reported values of pK a (aq) and pK a (s). [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] Log P for the neutral carboxylic acid was calculated from the descriptors for the acid and the coefficients given in Table 1 . The data used for each acid are given in full in the Supporting Information (Table S2) , and in Table 6 are the obtained descriptors for 71 carboxylate anions, together with the number of solvents used, and SD for the log P(RCO 2 -) values. In our previous work, 21 we gave rather complicated methods for estimating V i and E i for ionic species. We denote ionic descriptors by the subscript "i" but note that the descriptors are on the same scale as those for neutral compounds. Many drug molecules contain the ionizable -CO 2 H group, and it would be convenient if there was an easy method to estimate V i and E i . We find that V i can simply be calculated by McGowan's method from the molecular formula of the ionic species (that is C 2 H 3 O 2 for the acetate ion) and that E i for the carboxyl group anion can be taken as slightly more than E for the corresponding carboxylic acid, by 0.15 unit. This reduces the number of descriptors that have to be determined to four, that is S i , A i , B i , and J -, or for the majority of anions with A i =0, to three. We used the trialand-error procedure of 'Solver' in Microsoft Excel to obtain the combination of descriptors that gave the best fit to the observed log P values for the anions. The best fit criterion was the standard deviation of the fitted and observed log P values. In our experience, the method yields the same best fit descriptors, no matter what the starting values of the "unknown" descriptors are.
The main features of the descriptors for the ions are that S i and B i are very large, and, as expected, conversion of -CO 2 H into -CO 2 -results in loss of all hydrogen bond acidity. A comparison of values of S, A, and B for some monofunctional compounds is shown in Table 7 . It can be seen that the carboxylate ion is a very powerful hydrogen bond base, much more powerful than any neutral functional group and even more powerful than ions such as the fluoride or chloride ion. The carboxylate ion, especially if derived from benzoic acids, also has very large values of S, the polarizability/ dipolarity descriptor.
There are enough data in Table 6 to attempt predictions of the ionic descriptors. Since we use the descriptors for the neutral carboxylic acids to obtain log P(HA) in eq 7, it was of interest to see if we could use the same descriptors to predict those for the corresponding ions. We find the following equations, where we include for completeness those for E i and V i .
We can test the usefulness of these equations by predicting log P for all 71 ions in Table 6 from water to a number of solvents and then comparing the obtained log P values with the values obtained from the descriptors in Table 6 . To do this, we use eqs 8-13 to predict descriptors for the 71 ions and then insert the predicted descriptors into eq 14-19 to yield predicted log P values for the carboxylate anions. The "experimental" descriptors in Table 6 yield log P values that are "fitted" values. 
We then compare the predicted log P values with the fitted values and give statistics of the comparison in Table 8 , where AE is the average error, AAE is the absolute average error, RMSE is the root-mean-square error, and SD is the standard deviation between the two sets of values. We also give the average log P value for the various solvents. The results seem quite reasonable; eqs 8-13 yield descriptors that in turn predict log P values that agree with those fitted with the descriptors in Table 6 with an average SD of 0.55 log units. Of course, this includes errors in the fitting procedure as well as errors in the predictions. Now that it seems as though eqs 8-13 yield reasonable values of log P for the carboxylate ions, we can use data for 13 3,4-disubstituted benzoic acids from Pytela et al. 50 as a test set. It is then possible to compare predictions through eqs 8-13 with experimental results that have not been used in any of the calculations. We use all the solvents studied by Pytela et al., 50 except pyridine, for which we have no equation for neutral species. The experimental data are given in the Supporting Information (Table S2 ). The descriptors for the neutral carboxylic acids that we use as input are in Table 9 , and the observed and predicted values of log P for carboxylate anions are in Table 10 . There are systematic offsets as shown by values of AE as large as 0.44 log units, but the SD values are quite good and range from 0.38 to 0.69 log units, depending on the solvent. For all 78 log P values, AE=0.13, AAE=0.44, RMSE=0.54, and SD=0.55 log units, and we can take these as estimates of the predictive ability of our method. The predictions require as input only the descriptors of the corresponding neutral carboxylic acids, and can be made for any solvent for which J -is known, see Table 3 . Whether or not predictions could (or should) be amended to take into account the offset AE values for particular solvents is a moot point.
The carboxylic anions that we use in the training set and in the test set contain a variety of functional groups, so that the equations we set up for predictions seem to be very general. The only functional group that we have deliberately omitted is the carboxylate group itself, as in dicarboxylic acids. We deal with these compounds separately.
There are a number of solvents that we have not considered. For some of these, such as pyridine and sulfolane, we lack the appropriate equation for the neutral compounds. For others, such as wet octanol, nitrobenzene, and tetrahydrofuran, we need a more detailed analysis that we hope to provide in the future.
Calculations for Carboxylate Dianions. We were interested to see what the descriptor values were for dianions of carboxylic acids, but as a preliminary step we first studied the monoanions derived from dicarboxylate acids. Descriptors for the monoanions and the dianions from dicarboxylic acids are shown in Table 11 . The latter descriptors can only be approximate because they require both the first and the second acid dissociation constants in water and the nonaqueous solvents. Details of the pK a values, with references, are shown in Table  S2 (Supporting Information).
The descriptors for the monoanions are of some interest in that the A i values are usually far less than expected for solutes that carry the carboxylic acid group. The -CO 2 -group must be a very powerful electron-donating group that considerably reduces the hydrogen bond acidity of the remaining -CO 2 H group. The aliphatic monoanions have nearly zero A i values, and the only real exception is the monoanion of phthalic acid. Interestingly, the S i value for the phthalate and the maleate monoions are much smaller than those for the isophthalate and fumarate monoions. This may be due to intramolecular hydrogen bonding between the C-O-H and the C-O -groups held in the cis-position, even though a seven-membered ring has to be formed. All the dianions are characterized by very large S i and A i values and so are among the most dipolar and hydrogen bond basic solutes we have studied.
Calculations for Protonated Amines. The equations needed to obtain log P values from pK a (aq), pK a (s), and log P(H þ ) are somewhat different from those for the carboxylate anions because the protonated amines are now the reactant in eq 20 rather than one of the products. Table 9 .
For transfer from water to the other phase, log P(BH þ ) is given by eq 22
There is much less data on pK a (s) values for protonated amines than for the carboxylic acids. The comprehensive review on cations by Kalidas et al. 29 lists only the transfer of NH 4
þ from water to methanol. 53 have studied the butylammonium cation in a number of solvents, and Bell 54 lists a number of pK a (s) values in methanol and ethanol. In addition to the lack of data on pK a (s) values, we were also restricted by the number of solvents we could study due to lack of j þ coefficients; see Table 3 . For the protonated amines, we adopted a converse procedure to that for the carboxylic acids by subtracting 0.15 from the E value of the neutral amine. The McGowan volume was calculated from the molecular formula of the ionized form, equivalent to addition of 0.0215 to V for the neutral amine. The descriptors for the 26 neutral amines that we used as a training set are in Table 12 , and the obtained descriptors for the 26 protonated amines are in Table 13 . The data that we used, together with references, are included in Table S3 (Supporting Information).
There are just enough protonated amines in the training set to obtain equations that can be used for the prediction of descriptors. As before, we used descriptors for the neutral amines as the independent variables, together with the independent variable NA i , the number of hydrogen atoms attached to the charged nitrogen atom. Thus, for methylamine and 1,6-hexanediamine, NA i = 3 and for pyridine NA i =1. The full set of equations is as follows; note that B i is zero for all the protonated amines studied.
We can now use eqs 23-27 to predict descriptors for protonated amines as a test set, that is, compounds that have not been used in any way to obtain eqs 23-27. Since it is not possible to compare the predicted descriptors with "observed" descriptors, we use the predicted descriptors to predict log P values for transfer of 18 protonated amines from water to various other solvents. Details are shown in Table 14 . For 18 protonated amines in Table 14 , the predicted values of the ionic descriptors yield predicted values of log P from water to various solvents that can be compared to the observed values. For all 18 log P values, AE = -0.090, AAE = 0.355, RMSE = 0.379, and SD = 0.390 log unit. Although these statistics provide an estimate of the ability of equations to predict log P values, it must be noted that both the training set and the test set are restricted in terms of the type of amine base. We were unable to predict satisfactorily log P values for protonated morphine, codeine, or diphenylamine, possibly because the bases were outside the chemical space of the training set. In addition, there can be serious errors in the observed pK a (s) values. There is no other way to interpret the reasonable fit for protonated morphine for transfer to propanone and the extraordinarily poor fit for transfer to methanol. It is, unfortunately, not uncommon for there to be serious discrepancies in recorded data. For example pK a (s) for N,N-dimethylaniline in propanone is given as 4.91 49 and 7.24 36 and for N,N-diethylaniline in propanone values are 6.26 49 and 9.17, 36 so that we were N is the number of solvents (log P values) used to obtain the descriptors, and SD is the standard deviation in calculated and observed log P values. unable to use either of these amines. There are many other such instances, which is one of the reasons why we have comparatively little data on the amine bases in Tables 13 and 14. There is, however, enough data to compare the ionic descriptors for protonated amines with those for neutral species. Values of E, S, A, and B are in Table 15 for typical protonated amines and for a selection of neutral solutes. Just as the carboxylate anions are the strongest monofunctional hydrogen bond bases, so the protonated amines, especially those derived from anilines, are the strongest monofunctional hydrogen bond acids.
We had hoped to obtain descriptors for diprotonated amines, but were prevented due to lack of the required pK a (s) values. Judging from our work on the dianions of dicarboxylic acids, there is no reason in principle why descriptors for dications of diamines could not be obtained.
As regards application of the ionic descriptors to any particular process, a specific requirement is a knowledge of the coefficients j þ and j -in eq 2. Unless j þ and j -can be predicted in some way, values of the dependent variable for a few ions or ionic species are needed in order to determine j þ and j -. Once these coefficients are known, then the dependent variable can be predicted for all the ionic species for which we have descriptors.
Conclusions
We have used a new method for the determination of partition coefficients for ionic species based on pK a values in water and nonaqueous solvents. From the obtained partition coefficients, descriptors have been determined for 71 carboxylate anions and equations set up for the prediction of descriptors for further carboxylate anions. These anions are the most powerful hydrogen bond monofunctional bases we have studied, being much more powerful than neutral solutes such as tributylphosphine oxide or triethylamine. There is less data for protonated amines, but we have assembled descriptors for 26 protonated amines and constructed equations that we have used to predict descriptors for 18 protonated amines in a test set. The protonated amines, especially protonated anilines, are very powerful monofunctional hydrogen bond acids: protonated anilines are much stronger hydrogen bond acids than trichloroacetic acid.
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